Several hydrothermal deposits associated with ultramafic rocks have recently been found along slow spreading ridges with a low magmatic budget. Three preferential settings are identified: (1) rift valley walls near the amagmatic ends of ridge segments; (2) nontransform offsets; and (3) ultramafic domes at inside corners of ridge transform-fault intersections. The exposed mantle at these sites is often interpreted to be a detachment fault. Hydrothermal cells in ultramafic rocks may be driven by regional heat flow, cooling gabbroic intrusions, and exothermic heat produced during serpentinization. Along the Mid-Atlantic Ridge (MAR), hydrothermal deposits in ultramafic rocks include the following: (1) sulfide mounds related to high-temperature low-pH fluids (Logatchev, Rainbow, and Ashadze); (2) carbonate chimneys related to low-temperature, high-pH fluids (Lost City); (3) low-temperature diffuse venting and high-methane discharge associated with silica, minor sulfides, manganese oxides, and pervasive alteration (Saldanha); and (4) stockwork quartz veins with sulfides at the base of detachment faults (15°05′N). These settings are closely linked to preferential circulation of fluid along permeable detachment faults. Compared to mineralization in basaltic environments, sulfide deposits associated with ultramafic rocks are enriched in Cu, Zn, Co, Au, and Ni. Gold has a bimodal distribution in low-temperature Zn-rich and in hightemperature Cu-rich mineral assemblages. The Cu-Zn-Co-Au deposits along the MAR seem to be more abundant than in ophiolites on land. This may be because ultramafic-hosted volcanogenic massive sulfide deposits on slow spreading ridges are usually not accreted to continental margins during obduction and may constitute a specific marine type of mineralization.
INTRODUCTION
The first sulfide mineralization on the seafloor was discovered in 1978 at 21°N on the East Pacific Rise (EPR) [Cyamex, 1978; Francheteau et al., 1979; Spiess et al., 1980] and the Galápagos ridge [Corliss, 1979] . These discoveries were the proof that hydrothermal activity was a major process associated with the formation of young oceanic crust. Research conducted over the past 30 years has shown a wide variety of hydrothermal mineralization in the modern oceans Herzig and Hannington, 1995; Rona, 1988; Rona and Scott, 1993] . More than 100 hydrothermal fields with sulfide deposits are now known at water depths ranging from a few hundred to 4100 m. Based on the different geodynamic settings and on the composition of basement rocks, several types of deposits are identified. Hydrothermal deposits occur at fast and slow spreading ridges, on sedimented ridges, in back-arc and arc environments, and in intracontinental backarc rifts. Major deposits are also found on axial and off-axis volcanoes. Basement rocks which are sources for metals are dominantly mafic volcanic rocks (Normal-Mid-Ocean Ridge Basalt (N-MORB)) along fast, intermediate, and slow spreading ridges. Enriched-MORB (E-MORB) type compositions are typical of hotspot domains [Dosso et al., 1999] . Felsic volcanic rocks occur in immature young back-arcs close to active arcs [Allen et al., 2002; Lentz, 1998 ]. Sediments interact with the hydrothermal fluids in the upper part of the hydrothermal system in sedimented rifts and at some backarc spreading centers close to the continental margins. Thus, depending on the source rocks and the geological setting, the compositions of the sulfide deposits can vary considerably. Mid-ocean ridge deposits associated with N-MORB are typically enriched in Cu and Zn [Bogdanov et al., 1995; Fouquet et al., 1993c Fouquet et al., , 1996 Fouquet et al., , 1998b Hannington et al., 1991 Hannington et al., , 1995 Hannington et al., , 1999 Herzig and Hannington, 1995; Humphris et al., 1995; Krasnov et al., 1995; Mozgova et al., 1999] . Back-arc and arc systems associated with felsic rocks are enriched in Zn, Pb, Cu, As, Sb, Ag, Au, Hg, and Ba [Binns and Scott, 1993; Binns et al., 1993; de Ronde et al., 2005; Dekov et al., 1999; Fouquet et al., 1993b; Herzig et al., 1993; Petersen et al., 2003 Petersen et al., , 2004 Tanahashi et al., 2006; Tufar, 1989] . Sedimenthosted mid-ocean ridge sulfide deposits have generally lower concentrations of base metals than deposits on sedimentstarved ridges [Ames et al., 1993; Goodfellow and Franklin, 1993; Houghton et al., 2004; Koski et al., 1985 Koski et al., , 1988 Peter and Scott, 1988; Zierenberg et al., 1993 Zierenberg et al., , 1998 ]. Immature back-arc systems related to intracontinental rifting are highly enriched in Pb, As, Ag, and Hg [Halbach et al., 1989 [Halbach et al., , 1993 . Precious metals such as gold and silver are typically enriched in immature back-arc systems. The largest black smoker deposits contain between 3 and 15 million tons (e.g., TAG hydrothermal field and Krasnov field on the Mid-Atlantic Ridge (MAR) , Galapagos Rift, Southern Explorer Ridge, and 13°N on the EPR ), although two sediment-hosted deposits, Middle Valley (10-20 million tons) on the Juan de Fuca Ridge [Zierenberg et al., 1998 ] and the Atlantis II Deep (90 million tons) in the Red Sea [Diehl, 1987] are known to be much larger.
Until 1984, it was predicted that the heat flow on slow spreading ridges would be insufficient to support high-temperature venting [Macdonald, 1984] . Following the discovery of high Mn concentration in the water column along the MAR in 1984 [Klinkhammer et al., 1985] , water column and camera surveys identified the first high-temperature vent field on a slow spreading ridge, the TAG hydrothermal field at 26°N . Subsequent studies have now identified about 33 active or inactive hydrothermal deposits (Plate 1) (Table 1 ) and a number of other sites with sulfide veins and chemical anomalies in the water column Bougault et al., 1993 Bougault et al., , 1998 Charlou et al., 1997 Charlou et al., , 1998 Charlou et al., , 2000 German and Parson, 1998; Klinkhammer et al., 1985] . In 1995, a new field (Logatchev) of sulfide mineralization [Krasnov et al., 1995] was discovered at 14°45′N the MAR at a place of extremely low magmatic budget and where serpentinized ultramafic rocks are outcropping.
In addition to the MAR, ultramafic-hosted hydrothermal deposits are reported from a few other places along slow and ultraslow spreading ridges with low magma budget. On the Southwest Indian Ridge, a hydrothermal deposit occurs on partially serpentinized peridotite associated with basalt. The deposits consist of opal, basalt breccias cemented by smectite and Mn oxides (birnessite) and partially oxidized massive sulfide [Bach et al., 2002] . Sulfide and hydrothermal plumes also occur on ultraslow spreading ridges in the northern Atlantic at Gakkel ridge [Baker et al., 2004; Edmonds et al., 2003; Michael et al., 2003 ], Lena Trough [Snow et al., 2001] and Mohns ridge [Pedersen et al., 2001] . A hydrothermal field associated with ultramafics was also recently found on the Indian ridge [Gallant and Von Damm, 2006; Nakamura et al., 2008] . Ultramafic rocks are very common along these ridges.
In this chapter, we review the diverse array of hydrothermal deposits along the MAR with emphasis on sulfides associated with ultramafic rocks. We examine the geological control on the mineralization, basement rock composition, mineralogical and chemical compositions of sulfides, and compositions of hydrothermal fluids. Specific characteristics of ultramafic-hosted deposits are identified and compared to other hydrothermal fields related to N-MORB and E-MORB type basement rocks, in order to develop a model for ultramafic-rock-hosted mineralization.
OCCURRENCES OF ULTRAMAFIC ROCKS ALONG SLOW SPREADING RIDGES
Outcrops of serpentinized peridotite are a general characteristic of slow and ultraslow spreading ridges [Cannat, 1993; Cannat and Casey, 1995; Dick, 1989; Dick et al., 2003] . A negative residual gravity anomaly at the central part of the segments suggests relatively thick mafic crust and hot mantle at depth, whereas the ends of the segments have a positive residual gravity anomaly suggesting a thin mafic or serpentinite crust and a relatively starved magmatic environment [Cannat and Casey, 1995; Escartín and Lin, 1998; Escartín and Cannat, 1999] . Ultramafic rocks are commonly observed along the rift valley walls near and within axial discontinuities [Gracia et al., 1997] and at the inner corner of large fracture zones. In some portions of ultraslow spreading ridges (Southwest Indian and Gakkel ridges), peridotites are common on the rift valley floor Michael et al., 2003; Sauter et al., 2004] . Peridotites have the composition of residual mantle rocks, more or less modified by interaction with basaltic magma [Cannat and Casey, 1995; Dick, 1989; Hellebrand et al., 2000; Johnson and Dick, 1992; Seyler et al., 2003] .
Because of the low rate of magmatism on the MAR, extension of the ocean floor is accommodated mainly by tectonic stretching Cannat et al., 1997; Lagabrielle et al., 1998; Rona et al., 1987] . This leads to the formation of a basement composed of mantle-derived ultramafic rocks and associated gabbroic intrusions. These Oceanic Core Complexes are the result of long-lived (millions of years), large-displacement, low-angle detachment Fouquet et al. [ , 1998a Fouquet et al. [ , 1998b Fouquet et al. [1993a Fouquet et al. [ , 1993b Fouquet et al. [ , 1993c Koschinsky et al. [2006] faults [Cannat et al., 1997; Karson and Rona, 1990; Tucholke et al., 1998 ] that expose lower crust and mantle rocks at slow spreading mid-ocean ridges. The discovery of "corrugated" structures on the rift valley flanks [Cann et al., 1997; Tucholke et al., 1998 ] is a strong argument for this hypothesis. Sampling of these surfaces and their modeling [Lavier et al., 1999] demonstrate that they are normal faults paleo-plans with a large throw. The MAR is characterized by many core complexes exposing ultramafic and gabbroic rocks along detachment faults [Cann et al., 1997; Escartín et al., 2008; Searle et al., 2007; Smith et al., 2006] . These mantle domains are associated with an asymmetry of the ridge [Escartín et al., 2008] . Detachment faults are the main process for bringing peridotites and ultramafic rocks to the seafloor [Escartín et al., 2008] . They are also specific locations where, due to tectonic activity and active serpentinization processes, low and high temperature water circulation may be favored [Cannat et al., this volume; McCaig et al., 2007] . However not all of the ultramafic outcrops are associated with corrugated surfaces, and some may have a more complicated tectonic story [Cannat et al., 1997] .
HyDROTHERMAL MINERALIZATION ASSOCIATED WITH ULTRAMAFIC ROCKS ALONG THE MAR
Categorized by rock composition (N-MORB, E-MORB, and ultramafic), three major types of vent deposits are identified along the MAR (Plate 1 and Figure 1 ). Four subtypes associated with specific ultramafic rocks are identified: (1) high temperature sulfide deposits; (2) low temperature carbonate chimneys; (3) pervasive alteration and silicification of ultramafic rocks and Mn oxide precipitates; and (4) deep seated quartz-sulfide veins. Numerous examples of stockwork mineralization also occur within fracture zones along the ridge [Bonatti et al., 1976b] (Figure 1 ). Recent investigations demonstrate that the Azores triple junction and the 15°N areas are hydrothermally more active than the rest of the ridge. These sites are both associated with E-MORB. Major characteristics of significant hydrothermal sites along the MAR are summarized in Table 1 .
Basaltic hosted deposits are at, or near, the volcanic center of the ridge segment and the base and top of the rift valley walls [Fouquet et al., 1995] (Figure 2 ). The first type includes the Snake Pit [Fouquet et al., 1993c; , Lucky Strike and Menez Gwen fields [Fouquet et al., 1994 [Fouquet et al., , 1995 Langmuir et al., 1997; Ondréas et al., 2009] . A specific case for this type is the Puy des folles field at the top of a very well defined central circular volcano near 20°30′N. At Krasnov, the sulfide deposit is located at the top of the eastern rift wall, where a large circular volcano, rising from the rift valley floor to the top of the rift valley walls, coalesces with the rift wall Fouquet et al., 2008] . Some major basaltic hydrothermal fields, such as TAG Thompson et al., 1985] , are also controlled by deep rooted detachment fault [deMartin et al., 2007] and are at the same latitude as the regional volcanic topographic high, indicating a preferential location near the site of the highest magma budget of the segment.
Hydrothermal deposits within ultramafic rocks along the MAR (Figures 1 and 2 ) are all related to low magmatic budget environments near the end of the ridge segments. In addition to hydrothermal discharge associated with the volcanic part of mid-ocean ridge spreading centers, chemical anomalies in the water column have been reported near the intersection of the ridge with fracture zones and nontransform offsets Charlou et al., 1991 Charlou et al., , 1997 Charlou et al., , 1998 Gracia et al., 2000; German and Parson, 1998 ]. Ultramafic dome-like structures at the inside corner of ridgetransform fault intersection (Figure 2 ) are preferential locations for strong methane discharge ] as well as low-temperature carbonate hydrothermal systems [Kelley et al., 2001] . The methane is a by-product of active serpentinization during the Fischer Tropsch reaction . Thus, hydrothermal processes associated with serpentinization are quite variable in terms of temperature and the type of deposits.
Four ultramafic hydrothermal fields (Menez Hom, Saldanha, Lost City, and 15°05′N) are located on an ultramafic dome at the inside corner of the intersection of the MAR with a transform fault or a nontransform offset. Two sites (Rainbow and Nibelungen) are located at the central part of a nontransform offset (Figure 2 ). Four others sites (Logatchev 1 and 2 and Ashadze 1 and 2) are controlled by deep detachment faults on the flank of the rift valley walls. The newly discovered Semyenov field [Cherkashov, 2008; Murton et al., 2007; Beltenev et al., 2009] , the small inactive Ashadze 4 site, and the mineralized quartz veins at 15°05′ are at the base of the detachment fault near the contact between ultramafic rocks and the basaltic coverage. All of these ultramafic sites are clearly structurally controlled. We present, hereafter, the main characteristics of typical sites for each of these types.
Ashadze Vent Fields (12°58′N)
Two active black smoker fields Ashadze 1 (4100 m) and Ashadze 2 (3260 m) are located on the western slope of the MAR rift valley [Bel'tenev et al., 2003; Cherkashov et al., 2008; Sudarikov et al., 2001] . These sites were first visited by a submersible in 2007 during the Serpentine cruise [Fouquet et al., 2008] . The Ashadze 1 and 2 sites, 5 km apart, are, respectively, 4 km and 9 km off-axis. The top of the rift valley wall, at 2300 m, corresponds to the termination of a large fossil corrugated surface. The host rocks of the deposits are serpentinized peridotites with interspaced gabbroic bodies, which are very common in the rift valley slopes in this segment of the MAR. The axial valley at this latitude is strongly asymmetric, with higher relief to the west. This asymmetry is reversed immediately to the south, where the axial magnetic anomaly appears offset by a few kilometers to the west . The Ashadze vents are roughly aligned to the north of an irregular, south-facing slope, which is interpreted as the surface expression of this minor axial discontinuity Fouquet et al., 2008] . The high-resolution bathymetric maps show a clear relationship between gravitic processes, transversal faults, and the location of the Ashadze 1 site. Extinct sulfide chimneys were also sampled near the base of the axial valley wall at 4530 m depth (Ashadze 4). Opposite to the other sites, this deepest site is basalt hosted. Active vents at Ashadze 1 are distributed over an area about 150 m long. Away from the vents, topography appears dominated by slope failure, with prominent landslides. Black smokers at Ashadze 2 lies in a narrow (about 70 m), N-S trending graben-like trough bounded to the east by a faulted gabbroic body. To the west, it is limited by a narrow N-S trending ridge, 20 to 50 m high that bears numerous extinct hydrothermal chimneys. On the Ashadze 2 site, a large group of smokers occurs, in a crater-shaped depression, about 25 m in diameter at the bottom of the graben structure. This constructional structure may indicate the sometimes-explosive nature of the hydrothermal fluid emissions [Fouquet et al., 2008] .
Logatchev Vent Fields (14°45′ and 14°43′N)
The hydrothermal fields are at a depth of 2970 m (Logatchev 1) and 2700 m (Logatchev 2) are on an uplifted block of serpentinized ultramafic rocks with local gabbroic intrusions on the eastern wall of the rift valley [Krasnov et al., 1995; Lein et al., 2003] . There are similarities between the regional context at Ashadze, and the setting of the two Logatchev vent fields. Both fields lie to the north of a small offset axial discontinuity and in an inward position relative to fossil corrugated surfaces. Logatchev sites, 5 km apart, are located 8 and 12 km off-axis and located on serpentinized mantle rocks. Logatchev 1 comprises many vents in a NW-trending elongated area about 400 m long. Highresolution mapping at 20 m (550 × 750 m) reveals the circular crater-like shape of many venting areas, 10 to15 m in diameter and a few meters deep. High-resolution map also show a complex arrays of scarps and fissures, oriented predominantly E-W, and NE-SW Petersen et al., 2009] . Numerous lens-shaped slump features are also revealed near the vents. The Logatchev 2 field was found to be active in 2007 [Fouquet et al., 2008] , its position, 12 km offaxis, moves from 8 (Logatchev 1) to 12 km the possibility to have off-axis black smokers along the MAR. The Logatchev 2 fluids (320°C) are unusual by their low salinity [Charlou et [1997] ). Solid circles indicate specific settings for basaltic-hosted deposits. Solid squares indicate specific setting for ultramafic-hosted deposits. The shaded areas correspond to ultramafic outcrops and to the asymmetric part of the ridge related to detachment faults and high permeability areas.
al., this volume]. A low-temperature (dominantly birnessite) inactive hydrothermal field (Logatchev 5) is at the summit of the Logatchev ridge, located 1 km east of Logatchev 1 [Fouquet et al., 2008] . A second inactive site, about 100 m in diameter, with unaltered sulfide chimneys, was photographed at a water depth of about 3500 m on a fault block associated with ultramafic rocks on the lower east wall of the rift valley [Eberhart et al., 1989 ] but was never visited by a submersible.
Saldanha Field (36°33′N)
At the southern tip of the French-American Mid-Ocean Undersea Study segment, in a nontransform setting, intense CH 4 anomalies in the water column indicate hydrothermal venting associated with serpentinization of an unroofed, 700 m high, serpentinite protrusion. Diving operations [Barriga et al., 1998; Fouquet et al., , 2000 revealed intensely altered and locally silicified ultramafic and basaltic rocks at the top of the massif. Discrete low-temperature diffuse discharge (<6°C) from the sediment was observed near the top of the structure. Although no chimneys are present, the hydrothermal activity is expressed as discharge of clear fluid from several small orifices through sediment over an area of at least 50 m 2 , and microchimneys with silica and sulfides were observed [Dias et al., 2002; Dias, 2001] . Mount Saldanha, is composed, from base to top, of ultramafic rocks, metagabbro, metabasalt, indurated sediment, and sedimentary ooze, mapped on the flanks of the hill [Barriga et al., 1998; Dias et al., 2002] . At the top of Mount Saldanha, a mélange of all these rock types is exposed, showing varying degrees of hydrothermal alteration and silicification. The elevation of Mount Saldanha results from volume increase related to serpentinization of the ultramafic rocks. During the serpentinization of the ultramafic rock, overlying rocks were pushed upward, generating the observed mélange. Talc-rich rocks (steatite) and spilite are commonly observed [Costa, 2001; Costa et al., 2002] . The hydrothermal alteration (chlorite, smectite, quartz, and sulfides) suggests temperatures of 200 to 300°C [Costa, 2001; Costa et al., 2002] . Carbonate ooze covering the mound is enriched in Mg, Mn, Zn, Cu and S including locally hydrothermally produced sulfides (chalcopyrite, sphalerite) and poorly crystallized Mn oxyhydroxides [Dias, 2001; Dias et al., 2002] .
Rainbow (36°14′N)
The Rainbow field is a site of high temperature (360°C) hydrothermal activity Fouquet et al., , 1998a German et al., 1999] located in a second-order discontinuity of the MAR south of the Azores German and Parson, 1998; Parson et al., 1997 Parson et al., , 2000 .
The high-temperature venting occurs along the shoulder of a west-facing hanging scarp of a tilted ultramafic block. The shoulder is cut by a network of intersecting N-S and NE-SW faults. Active venting and relict hydrothermal deposits exhibit tectonic control at a range of scales. Around the site and through the nontransform discontinuity, a relative chronology of normal dip-slip extensional faulting, conjugate transtensional faulting, and Riedel shears are evident. The western border of the vent field is a 25-m-high fault scarp where extensive stockwork mineralization and replacement of ultramafic rocks by sulfides are observed [Marques et al., 2006 [Marques et al., , 2007 . The entire vent field is underlain by ultramafic rocks. Only a small veneer of old basalt occurs at the east-tilted summit of Rainbow ridge, 1 km east of the active vents. Since the western side of the hydrothermal field is tectonized with only low temperature diffuse discharge, and the eastern side very active with only small chimneys, it seems that the high temperature activity is propagating to the east. A second inactive site (Rainbow 2), with 2-to 3-m-high chimneys, is located near the top of Rainbow ridge. At many places, unusual lithification of the sediment around the active field and near the top of the Rainbow ridge, together with several places with dead mussels, may be related to diffuse low temperature of methane-rich fluid through the sediment. Similar processes were also proposed at Saldanha, Menez Hom, and Lost City sites where large amount of methane discharge through the sediment cover at the top of the ultramafic ridge [Ribeiro da Costa et al., 2008; Schroeder et al., 2002] .
Lost City (30°10′N)
Lost City is an extensive hydrothermal field in ultramafic rocks at 30°N near the eastern intersection of the MAR and the Atlantis fracture zone [Fruh Green et al., 2003; Kelley et al., 2001] . The active vents are located on a dome-like massif at the inside corner of the intersection of the MAR and the Atlantis Transform Fault. The massif is approximately 15 km across, and the southern flanks are steep escarpments with 3800 m of relief adjacent to the transform fault. The upper surface of the dome is interpreted to be a low-angle detachment fault that has exposed variably metamorphosed peridotite and gabbro. The core complex just north of the Lost City site was drilled and revealed to be dominantly composed of gabbro with virtually no serpentinized peridotites [Ildefonse et al., 2007] . Magnetic anomaly patterns show that the center of the massif, about 15 km west of the spreading axis, is about 1.5 Ma old, consistent with the local half-spreading rate of 12 mm a −1
. The hydrothermal deposits are dominated by steep-sided carbonate chimneys. Vent fluids are relatively cool (90°C) and alkaline (pH 9.8) [Fruh Green et al., 2003; Kelley et al., 2001] . Radiocarbon ages document at least 30,000 years of hydrothermal activity, which is thought to be, at least, partly driven by serpentinization reactions at Lost City [Fruh Green et al., 2003] .
Fifteen Twenty Fracture Zone site (15°05′N).
Ultramafic rocks occur as domes and elongated ridges on the valley floor and on the rift wall at the intersections of the MAR with the 15°20′N Fracture Zone [Fouquet et al., 1993a] . They consist of dunite, harzburgite, and gabbro. At the eastern intersection (15°N), the contact of an ultramafic dome with the neovolcanic zone of the rift valley is very sharp and controlled by a major fault parallel to the ridge system. At ultramafic outcrops, parallel to the ridge, elongated patches of white material enriched in chlorite and aragonite are interpreted to be the seafloor manifestation of water circulating along faults. Locally in these white areas, ultramafic rocks are silicified and impregnated with disseminated sulfides. The most spectacular samples are mineralized quartz veins from the major detachment fault near the contact between the ultramafic rocks and the basaltic neovolcanic ridge. The mineralized samples have been uplifted along faults and are believed to represent the deeper portions of a black smoker system, although massive sulfide mineralization has not been observed in the area. Disseminated sulfide mineralization also appears to be related to primary magmatic processes related to gabbroic dikes and is associated with serpentinization, talc-carbonate alteration, and silicification. The observed mineralization and alteration is similar to the obduction-related listwaenite mineralization known on land, such as the sulfide mineralization associated with altered ophiolitic serpentinites, particularly in carbonatized and silicified serpentinites [Auclair et al., 1993; Buisson and Leblanc, 1985 , 1986 .
Menez Hom
Similar to the Saldanha, the Menez Hom ultramafic dome is situated at an inside corner position relative to the nontransform offset at the south of the Lucky Strike segment. As for the Saldanha field, one of the strongest CH 4 anomalies so far known on the MAR was seen in the water column at the top of this dome. Diving operations revealed the general outcrop of ultramafic rocks at the top of the dome. No active vents were seen; however, one small carbonate chimney was sampled, and as for Saldanha and Rainbow, anomalous rapid lithification of the sediment covers was observed at the northern side of the dome, near the limit between the ultramafic rocks and the basalt coverage. This may indicate a preferential discharge of diffuse low-temperature CH 4 -rich fluids at the contact between the ultramafic and the basalt cover.
MORPHOLOGy OF ULTRAMAFIC-HOSTED HyDROTHERMAL DEPOSITS

Mound Structures and Stockwork Mineralization
As for basaltic-hosted hydrothermal fields, the morphology of ultramafic-hosted sulfide deposits is controlled by several local factors such as depth, phase separation, hydraulic fracturing, and permeability . In ultramafic high-temperature environments (Rainbow, Logatchev, Ashadze), the discharge is clearly less focused than at basaltic sites, with venting of a single end-member fluid occurring over most of the hydrothermal fields. This "diffuse" black smoker discharge produces relatively flat deposits without clearly organized mounds quite different from basaltic environments where a conical mound is typically formed (Figure 3 ). In addition, pervasive near-surface high-temperature circulation generates highly altered areas and enhance subsurface sulfide precipitation, large stockwork mineralization, and complete replacement of the ultramafic rocks by massive sulfides. Indeed, all stages of a complete replacement of serpentinites by Cu-rich massive sulfides are observed in dredged samples from Rainbow Marques et al., 2006 Marques et al., , 2007 .
Hydrothermal Crater Structures and Hydraulic Fracturing
Silicification of the host rocks and precipitation of silica within the fluid channel ways commonly contribute to fluid overpressure and explosive fragmentation. This is described for many ancient deposits [Gibson et al., 1999] but is not clearly demonstrated in modern deposits. An explosive episode at the active top of the Snake Pit field was observed during the Microsmoke cruise (1995), where heavy instruments for bacteria colonization, left at the base of the black smoker complex, were hurled away and broken into several pieces found several tens of meters apart on the flank of the sulfide mound. Samples collected in the small crater left at the base of the black smoker complex (water depth 3500 m) were massive pyrite with anhydrite impregnation very similar to the material cored near the surface of the TAG mound . The best explanation is an explosive hydraulic fragmentation due to overpressure. This observation and the large amount of breccia within the TAG mound indicate that hydraulic fragmentation is a major process that can be observed on the seafloor in deep submarine hydrothermal systems. Silicification of the host rocks certainly favors this process. Thus, the fragmentation of the mound may not only be due to the collapse of the mound due to retrograde solubility of anhydrite, but can also be due to hydraulic fragmentation.
In ultramafic environments, this process can also be active. The extreme diversity of mixed hydrothermally altered basaltic, gabbro and ultramafic rocks at the Saldanha site may be interpreted as the result of near-surface hydraulic fracturing. This process may be due to the silicification of altered rocks that create an impermeable lid favoring the overpressure necessary for hydraulic fracturing. At Logatchev many groups of black smokers are at the deepest part of crater-like circular structures, up to 10 m in diameter and a few meters deep. Black smokers are emitted from the very bottom of the depression where no chimneys are observed. After 10 years, they are still active but with no major chimneys in the same crater. One hypothesis to consider to create these unusual structures and for the absence of chimneys, is periodic hydraulic events similar to the one observed at Snake Pit. These events will maintain the crater structure and destroy any chimney. Similar hydrothermally very active craterlike structures were recently seen at Ashadze 2 [Fouquet et al., 2008; Ondreas et al., 2007] and at the Drachenschlund vent at the Nibelungen hydrothermal field vent fields, both associated with ultramafic rocks [Koschinsky et al., 2006; Melchert et al., 2008] . At Ashadze 2, many small active sulfide chimneys are at the deepest part of the crater structure. Similar oxided Cu-rich chimneys were sampled on the outer flank of the crater. As there is no venting at the outer part, the best explanation is that these chimneys are thrown away during an explosive event that contributes to maintain the crater shape. Thus, these crater structures seem to be a common feature in ultramafic-hosted sulfide deposits that contribute to the specific morphology of ultramafic-hosted sulfide deposits.
Zonation
As for fossil deposits, MAR basaltic-hosted deposits show a clear metal zonation; most deposits are enriched in Zn at their surface and enriched in Cu at their core. This zonation represents the successive replacement of a lower temperature pyrite-sphalerite assemblage by a higher temperature chalcopyrite-pyrite or pyrrhotite assemblage over several stages of zone-refining processes [Sangster and Scott, 1976] during which Zn and associated elements (Pb, As, Sb, Cd, and Ag) are progressively enriched at the surface of the deposit [Fouquet et al., 1998b; Hannington et al., 1998; Humphris et al., 1995] . These successive dissolution, reprecipitation, or zone refining processes are clearly demonstrated by drilling the TAG mound. The thermal evolution of the sulfide lens is a function of near-surface self-sealing processes. This is important as it limits the cooling and mixing of ascending metal-rich fluids. In ultramafic environments, the vertical zonation is less clear. At Rainbow, Logatchev, and Ashadze, surface samples are enriched in copper compared to their basaltic equivalent. This is probably due to the less focused geometry of the discharge. At these fields, black smokers and high-temperature Cu-rich sulfides, are seen all over the field and not only in a small area at the top of the mound as at TAG. Thus, more diffuse high-temperature discharge will produce Cu-rich sulfide all over the surface of the deposit and explain the spectacular Cu enrichment at the surface of high-temperature ultramafic sulfide deposits. In addition, the pervasive subsurface circulation generates an extensive Cu-rich stockwork. Thus, ultramafic-hosted massive sulfide deposits have chemical and mineralogical zonation less organized vertically and horizontally than basaltic deposits.
FLUID COMPOSITIONS IN ULTRAMAFIC ENVIRONMENTS
A summary of the fluid composition of active black smoker fields on the MAR is presented in Table 2 [Campbell et al., 1988; Charlou et al., 1996 Charlou et al., , 2000 Charlou et al., , 2002 Douville et al., 2002; Edmond et al., 1995; James et al., 1995; Jean Baptiste et al., 1991; Lein et al., 2000; Von Damm et al., 1998 ]. Details on recent sampling can also be found in the chapter by Charlou et al. [this volume] . Two processes play a major role in fluid compositions: phase separation and the composition of the basement rocks; magmatic fluids cannot be excluded but have not yet been demonstrated on the MAR. Except at Lucky Strike, fluids from the MAR have a single end-member composition indicating a single deep source.
High-temperature hydrothermal fluids from ultramafic environments (Logatchev and Rainbow) have significantly lower H 2 S, Si, Al, and Li. Fluids from Rainbow have the highest Ca and Sr concentrations. The most metal-enriched fluids at the Rainbow site (365°C) have the lowest pH (2.8) and highest Cl (750 mM) observed on the MAR. The high salinity is commonly explained by the presence of brine formed during subcritical phase separation; however, at several sites, more complex supercritical processes have to be considered [Charlou et al., this volume; Koschinsky et al., 2008] . Theoretical reaction path calculations predict that peridotite-seawater interactions will generate hydrothermal fluids with higher pH, lower aqueous SiO 2 , K concentrations that are highly sensitive to the water-rock ratio, and very much higher H 2 content [Wetzel and Shock, 2000] than in basaltic setting. Compositions of fluids at Rainbow are in agreement with these predictions, except for the very low pH. Allen and Seyfried [2003] have calculated a pH of 5 assuming magnetite-fluid equilibrium at temperature and pressure conditions of Rainbow and considering the measured H 2 concentration of 16 mmol [Charlou et al., 2002, this volume] . They argued that the low pH and SiO 2 concentrations (~7 mmol) [Charlou et al., 2002, this volume] reflect orthopyroxene dissolution. Thus, reactivity of the pyroxene strongly affects the pH decrease by providing excess silica. Excess of silica also may be due to reaction of the fluid with gabbroic intrusions. The relatively high SiO 2 content stabilizes talc and actinolite/tremolite. High metal concentrations (Fe, Ni, Cu, Zn), extracted from olivine and pyroxene, are favored by Cl complexing at low-pH and hightemperature conditions. In addition, during phase separation, both the acidity and the concentration of heavy metals increase in the chloride-rich phase [Bischoff and Rosenbauer, 1987] .
One striking point is the high rare earth element (REE) concentration at Rainbow. Chondrite-normalized REE patterns for fluids at Rainbow show strong light REE enrichment with a positive europium anomaly indicative of basalt-seawater interaction [Douville et al., 2002] . The REE pattern and concentrations seem to indicate reaction with plagioclase that is absent from ultramafic rocks. This suggests that the fluids have interacted with both gabbroic and ultramafic rocks. Barium is also much higher in fluids from Rainbow than in fluids from N-MORB environments. Because ultramafic rocks are depleted in barium, Ba enrichment in the fluid may be explained by interaction with a deep, Ba-enriched gabbroic intrusion. In addition, at Rainbow, due to the close proximity of the Azores hotspot, the enriched character of the E-MORB is also linked to Ba enrichment in the lava (and related gabbroic intrusion (see discussion on Ba in the part on hydrothermal precipitates). The high concentration of H 2 demonstrates active serpentinization in the deeper part of the hydrothermal system and indicates the extremely reducing subsurface conditions.
The concentrations of transition metals (Fe, Mn, Cu, and Zn) at Rainbow are currently the highest among the MAR fluids. The abundance of metals is favored by Cl complexing at low pH and high temperature. The best explanation for these enrichments is the fluid properties (fluid salinity, temperature, and low pH) rather than an enrichment of these elements in the source rocks. For all sites, there is a strong correlation between chlorinity and metal concentration indicating that Cl complexes dominate Rainbow fluid speciation [Douville et al., 2002] . However, the high Co and Ni concentrations in both fluids and sulfide deposits are consistent with the predominant role of ultramafic source rocks at Rainbow.
Except for their low Si content, the composition of the fluids at Logatchev is similar to those at Snake Pit [Von Damm et al., 1998 ]. The fluid chemistry indicates that Logatchev has a weaker ultramafic influence than the Rainbow field; Co and Ni are not enriched. Compared to black smoker fluids, Lost City fluids are relatively cool (40-90°C) and alkaline (pH 9.0-9.9) and are not associated with sulfide mineralization [Kelley et al., 2001] . Campbell et al. [1988] and Jean Baptiste et al. [1991] .
g Charlou et al. [2002] and Douville et al. [2002] .
h Charlou et al. [2002] and Douville et al. [1997] .
i Kelley et al. [2001] and Kelley et al. [2005] . Reference numbers indicate the following: 1, Kolbeinsey [Stefansson, 1983; Olafsson et al., 1990] ; 2, S. Iceland [German et al., 1994] ; 3, Menez Gwen [Fouquet et al., 1994 ; 4, Lucky Strike (Fouquet et al., this study); 5, Broken Spur [Duckworth et al., 1995] ; 6, TAG [Thompson et al., 1985 Fouquet et al., 1998b; Knott et al., 1998 ]; 7, TAG (Mir) Lisitsyn et al., 1989; Tivey et al., 1995] ; 8, Snake Pit Honnorez et al., 1990; Fouquet et al., 1993c] ; 9, PDF (Fouquet et al., this study); 10, Krasnov [Cherkashov, 2008; this study]; 11, 25°48′N [Rona, 1984] ; 12, 24°21′N [Rona, 1984] ; 13, Kane ; 14, 22°30′N [Rona, 1984] ; 15, 15°51′N [Akimtsev et al., 1991] ; 16, 14°43′N [Akimtsev et al., 1991] ; 17, 12°48′N [Rona 1984 ]; 18, 11°N [Bonatti et al., 1976a] ; 19, 15°05′N [Fouquet et al., 1993a] ; 20, Rainbow Fouquet et al., 1998a Fouquet et al., , unpublished data, 1997 Lein et al., 2003] ; 21, Logatchev 1 [Krasnov et al., 1995; Mozgova et al., 1996 Mozgova et al., , 1999 Fouquet et al., 1996; Gablina et al., 2000] ; 22, Logatchev 2 [Torokhov et al., 2002; Lein et al., 2003] ; 23, Ashadze 1 [Beltenev et al., 2003; Mozgova et al., 2008] ; 24, Ashadze 2 (Fouquet et al., this study); 25, Lost City [Kelley et al., 2001] ; 26, Menez Hom (Fouquet et al., this study) ; 27, Saldanha [Barriga et al., 1998; Costa et al., 2002; Dias and Barriga, 2006 
The mineralogy of hydrothermal deposits along the MAR shows distinct differences directly related to basement rock composition. A clear distinction can be made between hydrothermal deposits hosted in E-MORB, N-MORB, and ultramafic environments. Although basement rock composition plays an important role, fluid chemistry and complexation will also impact mineralogy of vent deposits. Detailed mineral compositions of major deposits along the MAR are summarized in Table 3 where, based on the most important chemical element, minerals are presented in several groups. Hereafter, we focus on the mineralogy of ultramafic-hosted hydrothermal deposits.
Massive Sulfide Mounds
6.1.1. Major sulfide minerals. Due to the strongly reducing nature of the end-member fluids, pyrrhotite and isocubanite are the dominant iron sulfide and copper sulfide minerals at Rainbow, Logatchev 1, and Ashadze (Table 3) . Chalcopyrite is present in most samples. Unlike basaltic environments, samples from the surface of the mounds contain abundant sphalerite and isocubanite compared to pyrite and marcasite. The Logatchev 2 deposit is dominated by chalcopyrite, sphalerite, and wurtzite, pyrite is rare, and pyrrhotite is absent. This probably indicates a more oxidizing fluid than at Rainbow, Logatchev 1, and Ashadze.
Minor sulfide minerals.
In general, the diversity of minor minerals is much greater in ultramafic-hosted deposits. Marcasite (FeS 2 ), common in basaltic-hosted deposits, is relatively rare in ultramafic settings. Both at Rainbow and Ashadze 1, some grains of troilite (FeS) are observed. Other rare iron minerals are melnikovite (FeS 2 ) and greigite (FeFe 2 S 4 ). A unique characteristic of ultramafic environments is the occurrence of several cobalt minerals that are not found in basaltic environments. The most common CoNi-mineral is Co pentlandite (Fe,Co,Ni) 9 S 8 which occurs within the isocubanite-chalcopyrite assemblage at the core of the black smoker chimneys. This mineral, first seen at Logatchev 1 [Mozgova et al., 1996 [Mozgova et al., , 1999 , is also common at Rainbow and Ashadze. Millerite (NiS) and linnaeite (CoCo 2 S 4 ) occur as late minerals associated with bornite near the external border of the copper sulfide conduit of chimneys at the Rainbow hydrothermal field. In the primary, high-temperature assemblages, an unusual trace mineral, Bi-rich melonite (NiTe 2 ), is observed at Rainbow where it is typically precipitated in contact with primary native gold at the core of active Cu-rich black smoker chimneys. Other Te minerals such as coloradoite (HgTe) are also mentioned at Rainbow [Lein et al., 2003] . Surprisingly, galena, generally occurring as a rare mineral in basaltic environments, is relatively common, particularly at the inactive Rainbow 2 site. Tetraedrite and tennantite ((Cu,Fe) 12 (Sb,As) 4 S 13 ) also may be associated with galena-rich samples. Local enrichment in As is also seen as cobaltite (CoAsS), Luzonite (Cu 3 AsS 4 ), and Loellingite (Co,Fe)As 2 [Lein et al., 2003; Mozgova et al., 2008] . Silver occurs in some specific trace minerals as acanthite (Ag 2 S), argentopyrite (AgFe 2 S 3 ), and argentite (Ag 2 S). Molybdenite was observed at Rainbow [Lein et al., 2003] .
Fe and Mn oxide minerals.
The most common occurrence of oxides is secondary Fe oxyhydroxide minerals after oxidation of sulfides. Goethite and sometimes ferrihydrite are the most common secondary iron oxides. Lepidocrocite is typically formed after pyrrhotite. In some cases, hematite and magnetite are common within Cu-Fe-rich chimneys and appear to be high-temperature minerals of primary origin. The low H 2 S concentrations in the fluid, together with the extreme reducing conditions, make it possible to precipitate magnetite in equilibrium, although some magnetite or hematite may be formed by high-temperature oxidation of Cu-Fe sulfides. Near the seafloor, magnetic surveys above the vent field show a strong central magnetic anomaly primarily due to magnetite [Dyment et al., 2005] . Some cassiterite (SnO 2 ) rite grains were also observed associated with sphalerite at Ashadze 1.
Mn oxides occur commonly as low-temperature distal deposits at the periphery of the black smoker field (Rainbow) or as fields or chimneys away from the high-temperature field (Logatchev, Saldanha). The main minerals are todorokite, birnessite, and δMnO 2 . Hydrothermal Mn oxides also can be found cementing basaltic and ultramafic breccia (Saldanha). Similar mineralization occurs within ultramafic rocks off-axis at 23°N (H. Dick, personal communication, 2005) .
Native elements.
Due to the abundance of copper, native copper is common in weathered sulfide at the Logatchev and Rainbow sites. Sulfur, commonly associated with lepidocrocite, also is a common product of pyrrhotite oxidation. Native cadmium is mentioned at Rainbow [Lein et al., 2003] . Gold is the most common native element. It is observed in a variety of mineral assemblages corresponding to different temperatures of formation. High-temperature primary gold grains are observed at the core of Cu-rich active black smokers at Rainbow. At Logatchev 1, gold is observed both in high-temperature copper sulfides and associated with lower-temperature Zn-rich sulfides. At Logatchev 2, many secondary gold grains are observed in silica. Silver and arsenic grains are mentioned at Logatchev. Some platinum grains were identified at Rainbow [Lein et al., 2003] .
6.1.5. Gangue minerals. Anhydrite is the most common gangue mineral occurring in samples from active or recent chimneys. Barite is rarely observed at Rainbow, Logatchev, and Ashadze. The only place where abundant barite is seen is at the Rainbow 2 inactive site. Amorphous silica is relatively rare in ultramafic environments compared to the common occurrence of silica-rich samples in basaltic environments. However, quartz is the major gangue mineral in veins within the ultramafic rocks at 14°45′N. Silica also is locally enriched in the silicified ultramafic rocks at Saldanha. Carbonate, dominant at the Lost City site, is not common in the hightemperature vent fields. However, several chimneys with dominant carbonates (siderite, aragonite, and calcite) were sampled at Rainbow and at Ashadze 2.
6.1.6. Other secondary minerals. At most sites, secondary copper sulfides are common (bornite, chalcocite, digenite, covellite, and idaite) ( Table 3) . At Logatchev, several unusual secondary copper minerals such as chalchantite, djurleite, anilite, geerite, spionkopite, and yarrowite have been described [Gablina et al., 2000] (Table 3 ). The uranium mineral uraninite is also described at Logatchev [Torokhov et al., 2002] . Atacamite and paratacamite are the common secondary copper chloride minerals and are locally abundant as green patches in the sediments.
Carbonate Mounds
Carbonate mounds at Lost City have a very simple mineralogy where calcite, aragonite, and brucite are the only phases [Kelley et al., 2001] . No sulfides or metal enrichments are associated with these low-temperature systems. The chimney from the Menez Hom site has a similar mineral composition with dominant calcite and traces of quartz.
Veins in Serpentinites
The disseminated mineralization at 15°05′N is associated with multiple stages of serpentinization, talc-carbonate alteration, carbonate veining, and silicification [Fouquet et al., 1993a] . Sulfides also occur in altered gabbroic dikes and associated zones of metasomatism. Although it is likely that seawater was the dominant source of fluids for hydrothermal circulation and mineralization at 15°05′N, it appears that magmatic fluids also played a significant role. In some samples, quartz veins with sulfides are connected to small gabbroic veins. The mineralization has similarities with the listwaenite-style gold and Ni-Co mineralization usually associated with hydrothermal processes during ophiolite obduction Leblanc, 1985, 1987] .
Disseminated sulfides in gabbroic rocks and in quartz veins in serpentinite at 15°05′N have specific mineralogical compositions. Field observations and mineralogical studies allow the discrimination of several types of sulfide mineralization corresponding to different ages and different depths of formation. The most primary and probably deepest mineralization is related to gabbroic intrusion and occurs as sulfide in gabbroic veins or disseminated in gabbro. Some sulfides are later related to serpentinization. The latest sulfide minerals occur as stockwork mineralization and in silicified areas along shear zones. These different styles of mineralization appear to link the gabbroic intrusion at depth to sulfide mounds at the surface.
The dominant sulfides vary from sample to sample but are generally chalcopyrite, cubanite and isocubanite, pyrrhotite, pentlandite, galena, sphalerite, pyrite, bravoite, and millerite. The earliest stages of mineralization, prior to serpentinization, are characterized by a pyrrhotite-pentlandite association. Chalcopyrite-pentlandite-(pyrrhotite) assemblages are related to gabbroic dikelets. The pyrrhotite-pentlandite association is not seen in basaltic seafloor sulfide deposits but is common in the high-temperature mineral assemblages at Logatchev and Rainbow. The early formed sulfide assemblage contains also millerite, mackinawite, and violarite indicating Ni enrichment at depth. Ni also occurs as a trace element in sulfides, particularly in samples from early/deep veins. Large grains (~50 µm) of Cu-rich native gold have been observed in one sample associated with small gabbroic veins in the ultramafic host rocks. Pyrite occurs only in stockwork mineralization and as a replacement of pyrrhotite. The hydrothermal assemblage (pyritechalcopyrite-cubanite-sphalerite-galena) is significant in later and shallower-level stockwork veins and silicified shear zones in the serpentinite.
CHEMICAL COMPOSITION OF DEPOSITS
Average chemical compositions of hydrothermal samples from selected major hydrothermal fields hosted by ultramafic rocks along the MAR are presented in Table 4 . References used for the table are from the works of Bogdanov et al. [1995] , Fouquet et al. [1993c Fouquet et al. [ , 1998b , Hannington et al. [1991] , Honnorez et al. [1990] , Kase et al. [1990] , Knott [1995] , Krasnov et al. [1995] , Mozgova et al. [1999] , , Thompson et al. [1988] . Data from other volcanic-hosted sites are presented for comparison. The data show a correlation between the chemical compositions of the deposits and the compositions of the host rocks. We can, thus, consider after the first level of classification based on the geological control of the discharge, a second level of classification based on the composition of basement rocks. Except for core samples from the mound interior at TAG and Snake Pit, most samples are from mound surfaces. A few samples were collected from the cores of the deposits that were exposed along faults. Thus, analyses presented here are not representative of the whole mound. For some sites, the number of samples is not high enough for meaningful comparisons; however, values are interesting to show specific metal concentrations. To discuss the specificity of ultramafic massive sulfide mineralization, we have performed principal component analysis (PCA) statistical analyses. Samples from four deposits, one N-MORB, one E-MORB, and two ultramafic deposits were numerous enough for statistical analysis, and the samples were analyzed using the same technique and the same sampling protocol. Results of factor analyses on these samples reveal three major groups for all four sites ( Figure 6 ): the Cu-rich high-temperature group, the Zn-rich intermediate-temperature group, and the oxide/ sulfate group. For some trace elements, some clear differences exist between basaltic and ultramafic environments.
Major Elements
Copper and zinc.
Individual compositions of the sulfides depend on the type of mineralogical assemblage and temperature of formation. The triangular diagram in Figure 4 shows the contrast between Fe-dominant deposits associated with basalt and Cu-Zn-rich deposits associated with ultramafic rocks. This is also shown in Figure 5 for average compositions for each site. Menez Gwen is particular because of its high Ca and Si content (>45%). Samples collected by submersible at the surface of the TAG mound have a high Cu + Zn content close to 15%, while samples collected from the internal part during drilling operations have a Cu + Zn concentration lower than 4%. The Cu + Zn content in ultramafic-hosted deposits is 20 to 30 wt %, whereas in MORB environments, the Cu + Zn content is 5 to 20 wt % ( Figure 5 ). The extreme Cu-Zn enrichment in ultramafic deposits is difficult to explain by an enrichment in the primary upper mantle rocks, which are depleted in Cu (31 ppm) with respect to MORB (77 ppm) (see Table 5 ) [Anderson, 1989; Taylor and McLennan, 1985; . However, serpentinite samples from the Rainbow ridge collected away from the hydrothermal field display a significant enrichment in Cu (248 ppm) and Zn (273 ppm) that may constitute a primary enriched source for these elements (Table 5) . Another explanation for the high Cu concentration is the occurrence of high-temperature venting all over the hydrothermal field (see paragraph on mound zonation above).
Silica.
The lowest Si concentration in modern submarine hydrothermal deposits is found in ultramafic deposits (Table 4) . SiO 2 concentrations in the hydrothermal deposits are less than 1 wt % at Rainbow and less than 6 wt % at Logatchev. Both sites have Si concentrations in fluids [Charlou et al., 2002, this volume] that, unlike basaltic fluids, are undersaturated with respect to quartz and opal [Fournier et al., 1982] . Menez Gwen also has a low Si concentration; however, due to the shallow depth and the low temperature, silica concentration is close to the quartz equilibrium curve. Lucky Strike fluids are more complex, but the highest concentration, is on the quartz saturation curve. Fluids with lower concentrations at Lucky Strike may have lost silica due to near-surface conductive cooling and amorphous silica precipitates, which are abundant at Lucky Strike. Thus, at most basaltic sites, the end-member fluids are close to be in equilibrium with quartz and are rapidly saturated with respect to amorphous silica when a slight conductive cooling occurs [Fournier et al., 1982; Hannington et al., 1995] . However, silica seems to play an important role in subsurface hydrothermal processes occurring in ultramafic rocks. Subsurface conductive cooling of the fluid may explain the relatively high Si content in deposits from Logatchev 2 and Ashadze 2, and pervasive silicification of both mafic and ultramafic rocks is seen at Saldanha and in meter-thick mineralized quartz veins observed within the ultramafic rocks at 15°05′N.
Barium.
Sulfide deposits in an E-MORB environments are characterized by high Ba concentrations (see extension of the Ba-rich E-MORB in Figure 1 ). In N-MORB hosted sites, Ba is nearly absent (Table 4) . At Rainbow, there is a slight Ba enrichment particularly seen at Rainbow 2 where barite chimneys were collected. The best explanation of Ba enrichment is the Ba concentration in the basement rocks. In the southern Azores area, barium concentrations in the basaltic rocks increase approaching the hot spot. At the scale of each segment, average Ba concentration in the basalt is 40 ppm at Rainbow, 70 ppm at Lucky Strike, 120 ppm at Menez Gwen, and 175 ppm at 38°20′N. In addition, on all segments, there is a spatial relation between the location of vents and the highest Ba concentration in basalts. For example, Ba concentration in basalts from or near the hydrothermal field were measured for this study; concentrations are 61 ppm at Rainbow, 283 ppm at Lucky Strike, 232 ppm at Menez Gwen and 219 ppm at 38°20′N. Thus, there is a direct explanation for Ba concentration in deposits. In N-MORB, the Ba concentration is generally lower than 10 ppm [Anderson, 1989] . Comparatively, ultramafic rocks have extremely low Ba concentrations, around 3 ppm (Table 5) [Anderson, 1989] . Thus, as discussed for fluids, the Ba enrichment in ultramafic-hosted mineral deposits such as at Rainbow and Logatchev 1 may be due to inter- action with deep Ba-enriched gabbroic intrusions. At both sites, particularly at Logatchev, gabbros have been collected within the ultramafic rocks; thus, there is evidence for interaction with basaltic/gabbroic rocks. Similar observations were already made on Explorer Ridge west of Canada [Scott, 1987] .
Calcium.
Ca as carbonate chimneys is common at low-temperature fields like Lost City and Menez Hom. Calcium carbonate chimneys, carbonates within sediments, and low-temperature carbonatization (aragonite) of ultramafic rocks are also observed at Rainbow and Saldanha [Ribeiro da Costa et al., 2008] . This is related to high Ca concentration in fluids due to the release of Ca during serpentinization when silicates such as clinopyroxene react with heated seawater.
High-Temperature Trace Elements Associated With Copper
Minor elements do not generally have specific visible minerals. They occur as substitution elements in the lattice of major minerals [Huston et al., 1995] . Several geochemical groups can be distinguished depending on the minerals into which the elements substitute: sulfates, oxides, high-temperature Cu-rich, and medium-temperature Zn-rich. The affinity of trace elements for these different groups is best demonstrated using PCA presented in Figure 6 . Elements having a strong correlation with Zn are Ag, Au, Ge, Cd, Pb, Sb, and As. Ba and Sr are close to this group in a separate group due to their occurrence as sulfates. The high-temperature Cu-rich group is characterized by In, Mo, and Se. For most elements, the same groups are seen for basaltic and ultramafic environments. However, some differences exist for Co, Mn, Sr, Sn, and Au. These differences are discussed in the following paragraphs. To facilitate the comparison, in many cases, we have used the ratio between a trace element and the major elements of his group.
Cobalt and nickel.
One of the noteworthy characteristics of the ultramafic rock-hosted deposits is their high cobalt concentration. At Rainbow, the average Co concentration is 0.5% with maximum values as high as 4.3 wt %. At Ashadze, the average Co concentration is close to 0.3%. Logatchev is slightly enriched in Co with mean values close to 400 ppm and maximum concentrations up to 1018 ppm. In basaltic environments, samples enriched in Co are from the core of the mineral deposit, samples collected during drilling operations at TAG, for example, or from mature massive sulfides collected from off axial sulfide mounds on the EPR [Fouquet et al., 1996] . Because of easy substitution to Fe, present both in high-and low-temperature minerals, cobalt has generally an intermediate position on the PCA diagrams (Figure 6 ). This also indicates that Co has no strong dependence to temperature. This is explained by a common occurrence of high Co concentrations in mature, Taylor and McLennan [1985] and . pyrite-dominant, massive sulfides. At the ultramafic-hosted Rainbow site (Figure 6 ), high Co concentrations are seen both in the Cu-and the Zn-rich geochemical groups. The highest concentration (4.3 wt %) is from a Zn-rich chimney. This Co enrichment in ultramafic deposits may be explained by higher concentrations of Co in the upper mantle rocks (91 ppm) when compared to MORB (53 ppm) [Anderson, 1989] (Table 5 ). However, this difference cannot explain the extreme enrichment found at Rainbow and Ashadze. A local Co enrichment in serpentinized rocks, similar to that discussed for Cu and Zn, is not seen at the Rainbow site (Table 5) where Co in serpentinized rocks averages 117 ppm, close to the Co concentration in upper mantle rocks (91 ppm) ( Table  5) . We may thus consider that specific fluid composition and extreme reducing conditions in ultramafic environments are more efficient systems to extract and transport Co, or that there is an intermediate enriched source of cobalt in the hydrothermal system. This source could be old stockwork mineralization or magmatic sulfides related to a deep gabbroic intrusion and similar to those seen at 15°05′N. The nickel content varies considerably among N-MORB (152 ppm) [Anderson, 1989] , ultramafic rocks (1610 ppm), and serpentinized ultramafic rocks (2002 ppm at Rainbow) (Table 5) . Nickel can thus potentially discriminate the importance of ultramafic source rocks. The highest nickel enrichments are in ultramafic-hosted vent deposits. The average Ni concentration is 973 at Ashadze, 490 ppm at Rainbow, and 93 at Logatchev. Ni is concentrated at the core of high-temperature chimneys with a maximum of 6900 ppm at Rainbow and 445 ppm at Logatchev. Specific Ni sulfides minerals ( Table 3 ) also indicate that Ni is concentrated in the deep magmatic and stockwork mineralization from 15°05′N. At Rainbow, Co/Ni ratio was also used to discriminate between massive sulfide formed by chimney accumulations and deep min-eralization formed by replacement of the ultramafic rocks [Marques et al., 2006] . The deepest replacement mineralization have a Co/Ni ratio <1. Thus, Ni in the deep mineralization is more likely inherited from the basement rocks during replacement processes. At all basaltic sites, Ni concentration is lower than 100 ppm. All these observations indicate that Ni is not extremely mobile at temperatures lower than 350°C typical of ocean ridges, its transport being restricted to temperature and chemical conditions close to the end-member fluids. At highest temperature (i.e., >400°C), Ni is probably more mobile, Ni minerals are common in the deep mineralization at 15°05′N, and Ni is also found to be common in vapor bubbles associated with magmatic fluids [Yang and Scott, 1996] .
Selenium
. Selenium is typical of high-temperature assemblages and a substitute for sulfur in high temperature sulfides ( Figure 6 ) [Auclair et al., 1987; Layton-Matthews et al., 2008] . Compared to N-MORB (70 ppm), the upper mantle (0.06 ppm) [Anderson, 1989] is highly depleted in Se. We may thus expect a clear difference for sulfide deposits from the two types of basement rocks, but, in fact, there is no significant evidence for variation in the concentration of Se. However, PCA analyses show a strong Cu-Se correlation only for ultramafic environments. Thus, we may consider that this difference has perhaps more to be related to the mobility of Se in fluids rather than to its concentration in the source rock. Tin is enriched in sulfide deposits from mantle environments (between 80 and 1100 ppm), even though tin is not enriched in mantle rocks (0.79 ppm) compared to N-MORB (1.36 ppm), MORB related sites have average Sn con centrations between 1 and 25 ppm. On the PCA diagram (Figure 6 ), at Rainbow, Sn is associated with the Zn geochemical group. At Snake Pit, Sn is in the Cu-rich high-temperature geochemical group indicating a different precipitating process. Wilson and Eugster [1985] have demonstrated that SnCl 2 is a dominant species in aqueous chloride solution in equilibrium with the nickel-nickel oxide redox buffer at 1.5 kbar and over a temperature range from 400 to 700°C. Thus, the systematic Sn enrichment in all ultramafic sulfide deposits may be related to the high Ni content in ultramafic rocks. In most samples, indium concentration is lower than 10 ppm in primary mineral assemblages. However, indium may be enriched during low-temperature alteration of sulfides. Maximum concentrations reach 37 ppm at Snake Pit, 30 ppm at Rainbow, and 23 ppm at Lucky Strike. Two processes may be considered first, indium precipitates with high temperature Cu-rich sulfides creating a primary concentration. This was clearly established, for example, in the Lau basin backarc deposit [Fouquet et al., 1993b] . Then, a secondary and higher concentration is produced during the oxidation of the copper sulfides during which In seems not to be mobile and to concentrate in the secondary copper sulfides. This was demonstrated for secondary Cu-rich sulfides at Snake Pit [Fouquet et al., 1993c] .
Low-Temperature Trace Elements Associated With Zinc
Most elements from this group have a strong positive correlation with Zn as seen in Figure 6 where Zn, Cd, Pb, As, Sb, Ag, Ge, and Sn form a narrow group because cadmium substitutes into sphalerite Cd has the highest correlation with Zn in all sites. However, Cd/Zn ratios are the lowest in ultramafic hydrothermal deposits (Figure 7 ) (47 to 60 × 10 3 in shallow E-MORB, 28 to 44 × 10 3 in N-MORB, and 10 to 32 × 10 3 in ultramafic environments). The relative low Cd concentration in ultramafic-hosted deposits may be explained by the difference in Cd concentration between MORB (0.129 ppm) and ultramafic rocks (0.026 ppm), while the Zn concentration is similar (74 ppm in NMORB and 60 in ultramafic rocks) (Table 5 ) [Anderson, 1989] . Lead shows low concentrations at most sites along the MAR. Surprisingly, the highest concentration (2 wt %) is from the small inactive ultramafic-hosted vent field (Rainbow 2), 1 km east of the active Rainbow field. The common occurrence of galena in ultramafic-hosted mineralization is not easily explained, since there is no major difference in Pb concentration between the upper mantle (0.33 ppm) and N-MORB (0.49 ppm) [Anderson, 1989] . The relative enrichment in lead at Rainbow 2 may be related to a high concentration of lead in the serpentinite (4 ppm) (Table 5 ). Mobility and concentration of lead deeper in the system in mantle-dominated hydrothermal systems is also indicated by the abundance of galena in the silicified ultramafic rocks at 15°05′N (see mineralogical section). Antimony and arsenic are generally highly correlated with each other and with Zn. Despite a relative enrichment in Sb and As in the oceanic crust (1 ppm) compared to the upper mantle (0.1 ppm) (Table 5) , there are no real differences between ultramafic and basaltic environments. However, many As minerals are found at ultramafic sites. Uranium was not analyzed at all sites. Except for the old Krasnov site, (11 ppm) U concentration is lower than 5 ppm at basaltic sites. In ultramafic environments, some U enrichment (maximum 40 ppm at Ashadze 2) is observed in the vent deposits. At Rainbow, 38 ppm U was measured in a Cu-Zn-rich chimney and 27 ppm in a massive Fe-rich sulfide. Some uranium minerals [Torokhov et al., 2002] have been described at Logatchev 2. Compared to N-MORB (0.014 ppm), U is slightly enriched in ultramafic rocks (0.057 ppm). However, most studies indicate that U is preferentially scavenged from seawater into iron oxides rather than related to the hydrothermal fluid. The highest silver concentration in hydrothermal deposits is at Rainbow (188 ppm); however, there is no major difference in Ag concentration between basaltic and ultramafic environments. This is probably explained by similar concentrations of Ag in N-MORB (0.02 ppm) and ultramafics (0.01 ppm) [Anderson, 1989] . At the scale of a vent field, due to zone refining processes, there is considerable variation in the silver content (Figure 8 ). Silver is preferentially precipitated at medium to low temperature. However, there is a clear Ag difference for Cu/Zn ratios. For ratios lower than 1, most Ag concentrations range from 100 and 900 ppm in ultramafic sulfide deposits, whereas Ag is between 0 and 100 ppm in N-MORB and between 0 and 300 ppm in E-MORB sulfide deposits (Figure 8 ).
Gold
For basaltic environments, most Au-rich samples are in the Zn-rich geochemical group (Cu/Zn < 1) (Figure 8 ). This correlation between Zn and Au is clearly seen on the PCA diagrams showing a Zn-Au affinity for Lucky Strike, Snake Pit, and Logatchev ( Figure 6 ). The strongest Au-Zn correlation is found at Lucky Strike (R 2 Zn-Au = 0.76). At Snake Pit, the correlation is weaker (R 2 Zn-Au = 0.65), but Au is still in the Zn group (Figures 7, 9 , and 10). This is explained by Au enrichment in some Cu-rich mature samples from the mound [Fouquet et al., 1993c] . For ultramafic-hosted systems, there is a bimodal distribution for gold. At Logatchev, Au is close to the Zn geochemical group (R 2 Zn-Au = 0.62) [Murphy and Meyer, 1998] . At Rainbow, PCA shows a clear correlation between gold and the Cu-rich high-temperature group (Figures 7 and 9) . The highest concentrations are observed in the Cu-rich mineral assemblages, where gold concentrations are much higher than in most samples from basaltic hydrothermal deposits. For that reason, Au is correlated with the Cu-rich high-temperature chemical group at Rainbow (R 2 Zn-Au = −0.22) (Figure 6 ). This relation is confirmed by the presence of numerous gold grains within copper sulfides at the core of active black smokers. This implies precipitation of gold at temperatures close to the end-member fluid (360°C). These gold grains are commonly associated with Te and Bi minerals (melonite). Thus, it seems that in deposits having a marked influence of an ultramafic source rock, a specific behavior for gold must be considered in terms of fluid chemistry and complexation.
Minor Element in Oxides and Sulfates
In surface samples, strontium is highly correlated to Ca, at Ba-free sites. As for Ca, the concentration depends on the amount of anhydrite. At these sites, Sr/Ca ratios vary between 130 and 180, and the correlation between Ca and Sr is high (R 2 between 0.9 and 0.99). For Ba-rich deposits, strontium is highly correlated with Ba (R 2 > 0.90) due to the However, Mo concentration in seawater is higher than the Mn concentration (Table 2) , and Mo is scavenged from seawater during the formation of low-temperature manganese oxides. 8. DISCUSSION
Driving Force of the Ultramafic Hydrothermal Systems
Hydrothermalism in ultramafic systems may be driven by the heat of exothermic serpentinization reactions between seawater and mantle rocks [German and Lin, 2004; Lowell and Rona, 2002] , by the regional thermal gradient of the ridge, or by a high-temperature shallow magmatic intrusion. Heat balance models predict that heat released upon serpentinization of peridotites can result in a wide range of hydrothermal venting temperatures up to 50°C [Allen and Seyfried, 2003] . Hydrothermal venting driven by high rates of serpentinization may occur episodically as new reaction surfaces are made available by tectonic activity or crack propagation [Allen and Seyfried, 2004; Fruh Green et al., 2003] . Even the low-temperature Lost City site is probably not only driven by exothermic heat produced during serpentinization. It is more likely that tectonic processes associated permit access of seawater to relatively deep and still hot lithospheric units and/or near-axis magmatic heat sources, before venting [Allen and Seyfried, 2004] . At Rainbow, elevated REE concentration (the highest on the MAR) in the fluids may be due to a higher extraction efficiency favored by high temperature, low pH, redox state and high chloride content [Douville et al., 2002] (Table 2) . However, to explain REE pattern and high REE concentrations, reaction between the hydrothermal fluid and plagioclase from a deep gabbroic intrusion and related dykes has to be considered [Douville et al., 2002] (Plate 2). Silica concentrations (6.9 mmol/kg) are too high when compared with the theoretical prediction (0,5 mmol/kg) of the composition of fluids coexisting with ultramafic assemblages [Wetzel and Shock, 2000] . Thus, hydrothermal alteration of gabbroic intrusions in the ultramafic rock may also explain the excess of SiO 2 in the end-member fluid and favor the hypothesis of a deep intrusion driving the hydrothermal system. In addition, the high Ba concentration in fluid, the occurrence of barite at Rainbow, and the relative Ba enrichment in sulfides also suggest a deep Ba-enriched source. As ultramafic rocks are depleted in Ba (<5 ppm), the best candidate to explain Ba enrichment is a gabbroic intrusion where, due to the influence of hotspots (Azores and 14°50′N), Ba concentration in excess of 100 ppm are seen in the basalts from these areas. Contrary to the more diffuse and regional heat release due to the regional heat flow and serpentinization, we consider that a deep hot magmatic intrusion is necessary to organize the convective cells and to focus the high-temperature hydrothermal discharge. Thus, fluid and sulfide compositions indicate a variable contribution of deep gabbroic intrusions in ultramafic hydrothermal systems. Plate 2. Schematic model for the location and composition of major hydrothermal deposits along the MAR. The structure of the ridge is modified after the works of McCaig et al. [2007] and Escartín et al. [2008] . Positions of vents are at the scale of their distance from the axis (Lost City, 15 km; Saldanha, 12 km; Logatchev 2, 12 km; Ashadze 2, 9 km; Nibelungen, 9 km; Logatchev 1, 8 km, Rainbow, 6 km; Ashadze 1, 4 km; Semionov, ~2 km; 15°05′N, ~2 km; Krasnov, 7 km; Zenith-Victory, 9 km (see also Table 1 ). Note that black smokers with a temperature of 320°C are seen as far as 12 km off-axis at Logatchev 2. Many sites associated with detachment faults are also controlled by nontransform discontinuities.
We propose that at ultramafic sites, vigorous high-temperature hydrothermal systems are enhanced by a combination of three factors: (1) extraction of regional heat by deep and pervasive fracturing of rocks associated with high permeability along detachment faults and in nontransform tectonic offsets; (2) small cooling gabbroic intrusions that provide the significant heat necessary to drive and focus high-temperature convective cells; these intrusions, cooler as the distance to the axis increases, are still hot enough to drive high temperature (320°C) venting 12 km off-axis; and (3) additional exothermic heat, due to Plate 3. Genetic model and diversity of mineralization in ultramafic environments along slow spreading ridges. Type definitions are 1, 2, and 3, 15°05′N; 4, Rainbow; 5, Rainbow, Logatchev, and Ashadze; 6, Rainbow and Logatchev; 7, Lost City and Menez Hom; and 8, Saldanha. serpentinization, contributes to support temperatures exceeding 360°C.
Geological Control of the Hydrothermal Fields
At the scale of the MAR (Figure 1) , it seems that the density of vent fields is greater in the E-MORB domains centered at 38°N for the Azores area and at 14°06′N for the 15°N area [Dosso et al., 1991 [Dosso et al., , 1993 [Dosso et al., , 1999 . Both places show very strong regional CH 4 anomalies in the water column . In addition, the northern limit (at 16°50′N) of E-MORB in the 15°N hot spot also corresponds to the northern limit of the regional CH 4 anomaly that is seen all over the hot spot domain (Figure 1 ). These two places correspond to the topographic minimum of the area and to places where outcrops of serpentinized ultramafic are common. Unlike the bidimensional hydrothermal systems along the EPR, many deposits along the MAR are related to three-dimensional convective systems focused around local magmatic intrusions. The temporal stability of these systems [Lalou et al., 1986 over several thousands of years allows for the accumulation of large quantities of sulfides in many of the fields along the MAR.
Data presented here show some specific characteristics of modern sulfide deposits associated with ultramafic rocks along slow spreading ridges. Ultramafic-hosted deposits occur at the amagmatic part of the ridges and show a strong tectonic control of mineralization, by ridge-transform intersections, nontransform offsets, or the deep rift valley faults near the end of the volcanic segments. Along these faults, hydrothermal fields may be located at the base or near the top of the faults. In fact, all ultramafic sites are off-axis sites (Plate 2), and active black smokers (320°C) are known as far as 12 km off-axis at Logatchev 2 [Fouquet et al., , 2008 Ondreas et al., 2007] . The Lost City site (<100°C) is 15 km off-axis [Kelley et al., 2001] . All these settings greatly expand the potential places where hydrothermal activity can be found on slow spreading ridges. Recent studies by deMartin et al. [2007] and McCaig et al. [2007] also reveal the importance of detachment faults to focus hightemperature hydrothermal discharge. According to the tectonic setting of deposits, it is clear that both serpentinization and hydrothermal activity are enhanced by tectonic activity along detachment faults in areas including the local intrusion of mafic dikes and plutonic rocks. These results indicate that a much larger portion of the oceanic crust may support hightemperature hydrothermal activity than previously thought. The off-axis location of vents is also in agreement with the estimated width of active faulting (15 km) [Smith et al., 2002] and progressive cooling of gabbroic intrusions as they move away from the ridge axis (Plate 2).
Gold Enrichment in Ultramafic Deposits
In contrast with basaltic environments, ultramafic environments are quite enriched in gold. In high-temperature Cu-Au systems, gold transport is controlled mainly by chloride complexing and is favored by acid oxidized fluids and/ or by the presence of high-salinity brines [Hannington et al., 1999; Huston and Large, 1989] . At lower temperatures, gold is transported mainly as an aqueous sulfur complex and tends to be concentrated in Zn-rich sulfides. The quantitative precipitation of gold from either of these complexes requires a change in temperature, pH, and oxidation state, which may involve conductive cooling, mixing, and phase separation. In most known oceanic sites, the chemical behavior of gold is well documented as being related to low-temperature deposits associated in the Zn-rich geochemical group [Hannington and Scott, 1988, 1989; Hannington et al., 1999] . The maximum concentration of gold in vent deposits along the MAR is found in ultramafic environments where the average Au concentration ranges from 1 to 26 ppm. Ultramafic-hosted deposits yield some of the highest gold values (maximum 63 ppm at Logatchev and 51 ppm at Rainbow) reported from marine hydrothermal deposits. This demonstrates that goldrich deposits are not specific to felsic environments in island arc settings and early stage back-arc systems.
The bimodal occurrence of gold in ultramafic-hosted deposits (Figure 8 ) may indicate that both mechanisms may be involved. The problem is that in fossil Cu-Au deposits, gold is precipitated from chloride complexes at relatively high temperatures [Hannington et al., 1999] Seward and Barnes [1997] have discussed the importance of organic complexes in transporting metals. The Rainbow fluids are extremely enriched in abiotic organic compounds generated during serpentinization Holm and Charlou, 2001 ]. Another possibility is gold scavenging by bismuth melts. This hypothesis was discussed recently for hydrothermal fluids [Ciobanu et al., 2006; Tooth et al., 2008] . The occurrence of gold grains directly joined to Bi-Melonite grains at the core of the copper chimneys at Rainbow may attest for a possible role of Bi in the transports and precipitation of gold. In fossil volcanogenic massive sulfide (VMS) deposits, similar to MAR ultramafic sulfide deposits, Cu-Au deposits have a high Au/Ag ratio and posses notable Cu-Au-Bi-Se-Te association [Hannington et al., 1999] . In this type of deposit, gold is present as a native metal and as Au tellurides. Another possibility to explain higher Au concentrations in ultramafic-hosted deposits is the concentration of Au in the source rocks. The Au concentration is nearly twice as high in the upper mantle (0.54 ppm) than in the N-MORB (0.34 ppm) (Table 5 ), but this enrichment does not seem to explain the observed differences.
Where Are Similar Cu-Zn-Co-Au Deposits on Land?
Ultramafic-hosted massive sulfides are particularly rare on land. The best examples are probably the Outokumpu deposits in Finland and the small St Veran Massive sulfide in the French Alps ophiolites. Other examples are the CuCo-Zn Dur'ngoi sulfide deposit in China [Yang et al., 1997 [Yang et al., , 2004 ; the Eastern Metal Ni-Cu-Zn sulfide deposit in Quebec [Auclair et al., 1993] , the Sykesville Fe-Cu-Co-Zn-Ni deposit in the Appalachian mountains in the United States of America [Candela et al., 1989] ; the Ivanovka and Ishkinino Fe-Cu-Ni-Co sulfide deposits in Ural [Nimis et al., 2008] ; the Limassol forest Cu-Ni-CO-As-Au deposits in the Cyprus ophiolite [Panayiotou, 1986; Thalhammer et al., 1986] , and the Bou Azzer Co-As-Au deposit in Morocco [Leblanc and Billaud, 1982; Leblanc and Fischer, 1990] . [Gaal and Parkkinen, 1993; Peltonen et al., 2008] deposits in Finland occur in a dismembered ophiolite, where mafic volcanic are scarce, and no sheeted dike complex is observed. The model of formation assumes that serpentinite was exposed on the seafloor when the ore deposits formed [Gaal and Parkkinen, 1993] . Eleven Cu-Zn-Co-Au massive sulfide deposits totaling 50 MT were mined in this area. The grade for the largest (28 MT) Keretti deposit was 3.8% Cu, 1% Zn, 0.2% Co, 0.1% Ni, and 0.8 ppm Au [Gaal and Parkkinen, 1993] . The ore is hosted in quartzite and calc silicates associated with serpentinite and dolomite. The chemistry of this deposit is characterized by the predominance of Cu over Zn and is anomalously high in Ni and Cr when compared to most other VMS deposits. The Outokumpu deposits formed during rifting of the crust 1.95 Ga ago, in connection with the continental breakup. Oceanic crust with associated hydrothermal systems formed along a linear basin. Polymetallic sulfides, silica, and carbonates related to seafloor venting were precipitated along the central axis of the rifted basin. The ore is commonly associated with black sediments and was later covered by carbonaceous mud and turbidites. Due to the lack of mafic volcanic rocks and the composition of ore mineralization, the classification as a Cyprus type is not evident for this deposit. The unique features of the Outokumpu deposits can be explained by the ultramafic composition of the oceanic crust. Geological setting in a low-magmatic rifted basin, the high Cu/Zn ratio, together with Co, Ni, and Au enrichment, indicate processes similar to those of ultramafic-hosted massive sulfide in the modern ocean.
Outokumpu. The Precambrian Outokumpu
Limassol Forest, Cyprus.
Hydrothermal sulfides associated with ultramafic rocks occur in the Cyprus ophiolite at the Limassol Forest area [Panayiotou, 1986; Thalhammer et al., 1986] . The dominant rock type is highly serpentinized and tectonized residual harzburgite. These mantle rocks are intersected by mafic dykes and plutonic rocks, mostly wherlite and gabbro. The Limassol Forest site is considered to represent a fossil transform fault [Simonian and Gass, 1978] . Mineralization occurs within the serpentinite as lenticular bodies, veins, and disseminated sulfides, with arsenides [Panayiotou, 1980] . The mineral association shows an evolutionary trend, which is closely linked to serpentinization. The first high-temperature stage at about 400-500°C is dominated by pyrrhotite, pentlandite, and cobalt-nickel arsenides. This stage is followed by deposition of copper sulfides at about 250°C, and finally, valleriite and bravoite are deposited at temperatures ranging from 100 to 200°C [Thalhammer et al., 1986] . The high As (up to 2.7 wt %) and Ni (up to 4.8 %) content of this deposit is not seen in modern ultramafic deposits. However, the highest As concentration along the MAR are in ultramafic-hosted vent deposits. Similar to Rainbow and Ashadze, Co (up to 0.36 wt %) and Au (average 6.2 ppm) are also enriched in these deposits [Panayiotou, 1980 [Panayiotou, , 1986 .
St Veran massive sulfide, French Alps. In the French
Alps, sulfides from the St Veran VMS deposit were mined very early in history up until the last century. The St Veran deposit is genetically related to an ophiolite section [Bouvier et al., 1990] . Basement rocks are serpentinites and peridotites from the upper mantle. Mafic rocks are gabbroic intrusions into the ultramafic sequence and tholeitic pillow lava flows. Lava flows are absent near the massive sulfide that are directly covered with silicic sediment and then carbonaceous sediments of Cretaceous age. This geological setting is very close to the modern setting of high-temperature ultramafic sulfide deposits. In addition, as early as 1987, it was proposed that a major, oblique, normal detachment fault that cuts across the lithosphere, explains some asymmetrical features on both sides of the preoceanic continental rift. An increase of the offset of the detachment fault leads to the tectonic denudation of the upper mantle and thus gives birth to an ultramafic ocean floor [Lemoine et al., 1987] . Several similarities exist between modern deposits and the mineralogy of the St Veran deposit. Major minerals are pyrite, chalcopyrite, sphalerite, bornite, chalcocite, hematite, and magnetite. Minor minerals include digenite, covellite, idaite, cobalt-pentlandite, carollite, clausthalite, native copper, native silver, and uraninite. Gold is not mentioned, but clausthalite contains up to 1% of gold. Several Te minerals, altaite, hessite, coloradoite are also described [Bouvier et al., 1990] .
Ivanovka deposit, Ural.
At the Ivanovka massive sulfide deposit, a mixed mafic-ultramafic sequence hosts the sulfide mineralization and lies on a serpentinite unit [Nimis et al., 2004] . The sulfide mineralization comprises massive, disseminated, and stockwork ore consisting of lamellar pyrrhotite, with pyrite, chalcopyrite, and cubanite similar to those found in the modern ocean. Accessory minerals are cobaltite, sphalerite, Co-rich pyrite, Co-rich pentlandite, Ni-rich glaucodot, and trace of native gold, native bismuth, and pilsenite (Bi tellurite). The sulfide includes abundant relict chromite. Gangue minerals are Mg-rich chlorite, talc, sapo nite, quartz (Ca, Mg, and Fe) carbonates and dolomite. The metal grades and the abundance of accessory sulfides appear to be controlled by the composition of the host rock. Ni content may be up to 0.2%. Significant Au content (up to 5.4 ppm) is found near the top of the ore-bearing sequence within pyrite, chalcopyrite, and pyrrhotite assemblages. The deposit is characterized by very low Zn and As-Ni-Bi-Au assemblages. The upper part of the deposit probably formed at the seafloor; however, the widespread occurrence of sulfides, with altered minerals and the relict of chromite as well as replacement of alteration phyllosilicates by sulfide, indicates that the Ivanovka ores dominantly formed in the subsurface by cementation, replacement, and veining. All these textural, mineralogical, and geochemical characteristics are very close to those of the Rainbow, Logatchev, and Ashadze sulfide deposits discussed in this chapter. However, the most probable setting for this deposit is an early arc or a fore-arc. This opens the possibility to discover ultramafic-hosted mas-sive sulfide in arc, back-arc, and fore-arc systems in the modern ocean.
8.4.5. "Listwaenite" mineralization. Sulfide mineralization of a hydrothermal origin is reported in a wide variety of altered ophiolitic serpentinites, particularly in carbonatized and silicified serpentinites [Auclair et al., 1993; Leblanc, 1985, 1987] . This style of mineralization is frequently referred to as listwaenite. Halls and Zhao [1995] points out that the term listwaenite should be applied only to the product of potassium carbonate metasomatism of serpentinites. Nevertheless, there is a clear association of sulfide mineralization, as well as gold enrichment, associated with carbonatized and silicified serpentinites at the 15°05′N subsurface mineralization site. Auclair et al. [1993] describe a sequence of alteration in the Eastern Metals deposit from serpentinites to a talc-carbonate assemblage, then to a dominantly quartz-carbonate rock ("listwaenite"), and finally to an almost completely silicified rock ("birbirite"). Mineralization is associated with the last two stages of alteration. This alteration is hydrothermal in origin and fault controlled. The extreme silicification seen in samples from the 15°05′N fracture zone appears to be analogous to the "birbirite," which is the final alteration product in some ancient listwaenite occurrences [Auclair et al., 1993] .
The occurrence of this sample type on a major fault zone at the limit between the inner valley floor and the rift valley wall indicates that the fault acted as a channel for the large amounts of fluid required to achieve such an alteration. The talccarbonate alteration is observed only to a relatively minor degree, and truly carbonatized samples have not been collected. However, the presence of veins and patches of carbonate in many samples indicates the presence of a late-stage carbonatebearing fluid. Such carbonate veins are also described in ultramafic rocks that outcrop elsewhere on the seafloor [Bideau et al., 1991] , and carbonatized ultramafic rocks are seen at Rainbow and carbonate chimneys at Lost City. In ultramafic rocks from the Garret transform fault, the carbonate veins postdate serpentinization, and δ
18
O values suggest low temperatures (<100°C) [Bideau et al., 1991] . Late carbonates in ultramafic rocks from Rainbow also indicate a low-temperature process [Ribeiro da Costa et al., 2008] . This suggests that a carbonate source from sediments is unlikely, [Bideau et al., 1991] points out that Ca 2+ alteration is also seen in the form of roddingitization of mafic rocks.
Specificity of Ultramafic Mineralization in the Modern Ocean
The proportion of hydrothermal sulfide deposits in ultramafic rocks along the MAR is much greater than on land.
About one third of the known hydrothermal fields are related to ultramafic rocks. This proportion is probably higher because, for a long time, exploration was focused near the axis on the magmatic portion of the ridge. This observation raises the question as to why these types of deposits are so scarce in the geological record. One possible explanation is that, during obduction, back-arcs, together with arc, are preferentially incorporated into the continent as ophiolite complexes. We may thus consider that large, mature slow spreading mid-ocean ridges, such as the MAR, are particular locations for the formation of specific oceanic mineralization, which are not easily incorporated into the continent. We propose that ultramafic Cu-Zn-Co-Au deposits are a specific oceanic type of deposit that is probably common on amagmatic portions of slow spreading ridges.
SUMMARy AND CONCLUSIONS
At the regional scale, hydrothermal fields on the MAR are found on axial and in off-axis regions. Both volcanic and tectonic controls of the hydrothermal processes exist. The occurrence of active hydrothermal systems in these two distinctly different environments considerably enlarges the areas where potential hydrothermal sulfide deposits can be found on slow spreading ridges. The different regional settings and geological controls are summarized on Plate 2. Basaltic hosted hydrothermal deposits are volcanically controlled at the central part of segments or fault controlled at the base and the top of the rift walls. In these areas, the rift valley is relatively symmetric. Mantle-hosted hydrothermal fields are, at the regional scale, tectonically controlled along detachment faults and nontransform offsets. In these areas, the ridge has a clear asymmetry. Off-axis ultramafichosted mineral deposits indicate that high-temperature hydrothermal convection may exist in the absence of surface volcanic activity at slow spreading ridges. Low-temperature (<100°C) hydrothermal activity is seen 15 km off-axis and black smoker activity (>300°C) can be found as far as 12 km off-axis. As exothermic heat produced during serpentinization cannot provide sufficient heat alone to drive a hightemperature hydrothermal system, we have to consider cooling gabbroic intrusions to provide the heat necessary to drive and focus high-temperature venting. In addition, regional conductive heat can be mined out from the ridge when water circulates along the detachment faults. Many sites are probably a combination of these three factors. The off-axis location of vents is also in agreement with the estimated width of active faulting (15 km) and progressive cooling of gabbroic intrusions as they move away from the ridge axis (Plate 2).
At the local scale, major types of ultramafic-hosted hydrothermal mineralization observed in the modern ocean are summarized as a genetic model on Plate 3. The different types of high-and low-temperature mineralization are presented. At all sites, fluid compositions indicate active serpentinization; however, the depth and geometry of the serpentinization front is not known (dashed line on Plate 3 is hypothetic) and may be controlled by the detachment fault. A gabbroic intrusion drives and focuses high-temperature convective cells toward the black smoker fields at the seafloor. Hydrothermal fluids react with the gabbroic intrusion and extract some elements such as barium and REE. In this system, we consider several types of mineralization shown as numbers on Plate 3: (1) Small gabbroic dykes and magmatic fluids are injected in the serpentinite. Fe-Ni-Cu-Au mineralization is observed in these veins. (2) Along major faults, hydrothermal fluids are channeled, and thick quartz veins are formed. These veins contain Cu-Fe-Ni-Pb mineralization. (3) Closer to the surface, stockwork formations are characterized by Cu-Fe-Zn mineralization. (4) Under major black smoker fields, extensive replacement of the ultramafic rocks with massive sulfide is seen. Such a replacement process seems to be a common characteristic of many fossil ultramafic VMS deposits on land. This mineralization is enriched in copper. (5) Massive sulfides are formed at the seafloor by chimney accumulation, diagenesis, and zone-refining processes. Unlike in basaltic environments, there is no conical mound, and the zonation is poorly organized. Due to more diffuse black smoker venting all over the field, surface samples are Cu-rich or Cu-Zn-rich. (6) Away from the high temperature areas, diffuse low-temperature discharge may produce extensive Fe-Mn deposits at the surface. Serpentinite rocks are commonly carbonatized and sediments lithified in these areas. Some (Fe, Mg, Ca) carbonates chimneys are also observed. (7) Away from volcanic intrusions or when the gabbroic intrusion has cooled, vigorous hydrothermal convection is driven both by regional heat flow and exothermic heat released during active serpentinization. Temperature is lower than 100°C, and the alkaline fluids do not transport metals. No sulfides are present, and the discharge mainly produces carbonate chimneys. (8) More complex hydrothermal systems are also related to low-temperature discharge through volcanic and serpentinite breccia. This breccia at the top of a dome structure may be produced by unroofing of lava flows due to diapiric uplift during serpentinization. Lava flows may act as a lid on the system. In areas of intense alteration in both basalt and serpentinite, hydrothermal precipitates occur as silicification, Mn oxides, and locally disseminated sulfides.
Sulfide mineralization at basaltic environments is primarily composed of pyrite, chalcopyrite, sphalerite, and amorphous silica and has low Cu + Zn concentrations (2 to 20%). E-MORB-hosted deposits are enriched in Ba and Si. Opposite to basaltic-hosted deposits, ultramafic sulfide deposits are primarily composed of chalcopyrite, isocubanite, sphalerite, and pyrrhotite and correspond to more reducing conditions. They differ from MORB-hosted mineralization by their high Cu + Zn content (20 to 40%) and their Co, Ni, and Au enrichment. The influence of the ultramafic basement is clearly marked in some specific minor minerals such as pentlandite, millerite, and melonite. Ultramafic-hosted sulfide deposits are significantly enriched in Au. Se and Ni are also enriched in Cu-rich hightemperature chimneys. In addition, in ultramafic environments, Au has a bimodal occurrence and may be concentrated both in low-and high-temperature mineral assemblages. Basement rocks are one parameter that controls the composition of deposits, although the solubility and complexation of metals in the fluid is likely to be very important.
The frequency of ultramafic ore deposits along slow midocean ridges is higher than expected. In addition, this type of deposit is not common on land and seems to be more common in the modern ocean than in fossil deposits on land where many VMS deposits are more typical of backarc environments. Because the preservation in ophiolites is higher for back-arc environments, it must be considered that ultramafic-hosted VMS deposits are a specific oceanic type of mineralization that is not common on the continent.
